Background: Postoperative cognitive dysfunction (POCD) occurs frequently after surgery,
| INTRODUCTION
Postoperative cognitive dysfunction (POCD) occurs relatively frequently after surgery in the general population, particularly among older people. 1 It is loosely defined as a decline in cognitive test performance between presurgery and postsurgery assessments.
Because of poor characterization of the syndrome and resulting lack of diagnostic criteria, 2 substantial variation exists in reported incidence rates, but in older age groups, incidence overall appears in the order of 10% to 38% [3] [4] [5] [6] within the first 2 to 3 months and 3% to 24% at 6 to 12 months after major surgery. 5, 7, 8 Although it is considered a transient condition, 1 POCD has been shown to increase the risk of subsequent dementia as well as premature death; 1,4,9 yet research into its epidemiology-which may elucidate its etiology as well as preventive strategies-is lagging behind. Only a few risk factors for POCD have been identified to date, including advanced age and preexisting cognitive impairment. 1 Chronic hyperglycemia in older age is well-recognized as a predictor of age-related cognitive impairment. 10 Patients with diabetes are at 50% to 140% increased risk of dementia, 11 and even in the dementia-free range experience a 20% to 50% increased rate of cognitive decline. 12 Similar observations have been reported across the spectrum of glycemia: higher glycated hemoglobin A1c (HbA1c) levels-a marker for chronic hyperglycemia-have been linked to cognitive impairment both in people with 13 and without diabetes. 14 Because of antihyperglycemic treatment, patients with diabetes may also be exposed to temporary states of hypoglycemia-blood glucose levels below those of a healthy glucose metabolism-which, too, have been shown to predict impairment, [15] [16] [17] with evidence suggestive of a dose-response relationship. 16, 18 It is, however, unclear whether chronic hyperglycemia or a history of hypoglycemic episodes prior to surgery may also increase the risk of POCD. Clarifying the potential role of diabetes, glycemic levels and a history of hypoglycemia is important to be able to provide reliable risk assessment prior to surgery, to tailor post-surgery clinical care and to inform hypotheses on the mechanisms leading up to POCD.
The objective of the present study was therefore to systematically review the existing epidemiological evidence and to conduct a metaanalysis on the associations of diabetes, glycemic levels, and a prior history of hypoglycemia with risk of POCD.
2 | METHODS
| Systematic search strategy
The PubMed database and Cochrane Database of Systematic Reviews were searched by IF from their respective inception onwards; the final search was performed on September 22, 2015. The following term was used: ("hyperglyc*" OR "hypoglyc*" OR "blood sugar" OR "blood glucose" OR "glycemic control" OR "glycaemic control" OR "diabetes")
AND (["post-operative" OR "postoperative" OR "POCD"] OR [("surgery"
OR "operation") AND ("cognit*" OR "intelligence" OR "MMSE" OR "Mini
Mental" OR "dementia" OR "Alzheim*" OR "mild cognitive impairment" OR "MCI")]). Abstracts of all "hits" were screened to determine whether they potentially matched the inclusion criteria and were accessed for full-text evaluation as appropriate. Reference lists of relevant articles and review articles were hand searched, and an independent online search was performed. Findings were reported in line with Meta-analysis Of
Observational Studies in Epidemiology (MOOSE) and Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines.
19,20
| Study selection
Articles were included if the following criteria were met: (1) original article in English language reporting on adult humans (≥18 years) undergoing surgery, (2) longitudinal study design, (3) report of change in cognitive function that is measured before and after surgery using standardized performance-based neuropsychological assessment tools, (4) ascertainment of glycemic level through blood glucose levels and/or glycated HbA1c, ascertainment of diabetes status (any type of diabetes), and/or ascertainment of prior history of hypoglycemia (any severity; from hospital records and/or self-report), and (5) reporting of associations of these exposures with cognitive change presurgery to postsurgery as odds ratios or relative risks (both taken as RR for the purpose of this review), or in a form that could be converted to RR. Use of the term "POCD" was not required for inclusion. Articles on exposure to acute perioperative glucose levels or on diagnosed postoperative delirium were excluded. levels that a patient has been exposed to over the past 2 to 3 months and so reflects the entire glycemic spectrum. 24 On the basis that a low HbA1c is a risk factor for experiencing hypoglycemic episodes, 25 but in itself does not indicate that a patient has experienced such an episode, we took HbA1c to signify hyperglycemia only in a linear (rather than U-shaped) fashion. This approach is common in the research literature on hyperglycemia and was also followed by the studies included in the present analysis.
| Data extraction
Data were tabulated and (if possible) meta-analyzed separately for diabetes status, glycemic control in patients with diabetes, glycemic control in the normoglycemic range, and for a history of hypoglycemia.
| Data synthesis
Statistical data were entered into Review Manager 5.3 (Cochrane Collaboration, 2014) to calculate summary estimates of RR (95% confidence intervals) in inverse variance meta-analyses. The method weighs studies according to standard errors of effect estimates to give greater weight to larger studies. 26 Fixed-effects models were used on the basis that all included studies were assumed to estimate 1 true underlying population effect size. 27 The main analyses were repeated post hoc using random-effects models. Though more conservative compared with fixed-effects models, random-effects models give greater weight to small studies that are far from the point estimate.
Publication bias was assessed through visual inspection of funnel plots and was formally tested using the regression method by Egger. 3 | RESULTS
| Study characteristics
The search yielded 237 articles in PubMed and 0 articles in the Cochrane Database (see Figure 1 ). All abstracts were screened, and full texts of 31 articles were accessed for evaluation. Screening of reference lists and an independent search identified 9 additional relevant articles. Of these 40 articles, 20 did not meet inclusion criteria, and 6 articles were excluded because of suspected duplicate reporting on identical samples. A total of 14 articles were included in the review.
Of the 14 studies, 13 had prospective observational designs; 1 randomized controlled trial compared cognitive outcomes between on-pump and off-pump coronary artery bypass grafting and analyzed their data with adjustment for surgery type. Table 1 ). Publication dates spanned 2001 to 2015, and studies stemmed from countries in Europe, Asia, North America, and Australia. Analyses were performed on between 21 and 585 patients, with mean sample age of 56 to 69 years (where reported; mean, 64 ± 4 y across studies). Criteria used to diagnose diabetes and diabetes type were not specified in any of the studies except one, 34 but on the basis of sample age, most patients with diabetes likely had type 2 diabetes. Most studies included more males than females. Follow-up periods spanned 1 day to 5 years (median, 68 d; interquartile range, 4 to 180 d). Prevalence of diabetes (where reported) in the 13 studies on diabetes status appeared to be dependent on sample characteristics including age and ranged from 8% in an Australian study with the lowest mean sample age (56 y) of all included studies 37 to 53% in a Spanish investigation of older adults with mean age of 66 years. 39 All except 2 Asian studies, 32,38 which used cognitive screening instruments, applied detailed neuropsychological tests. Criteria used to define POCD varied between studies and in many cases included comparison with the cognitive change of a control group that did not undergo surgery. The proportion of patients who developed POCD during follow-up ranged from 9% to 75%. Of 6 studies that applied statistical adjustment for potential confounders, 21, 22, [31] [32] [33] 36 covariates were selected a priori in a single investigation. 22 The remaining 5 studies either used a stepwise approach to modelling, selected covariates on the basis of univariate associations with POCD, or included all available risk factor variables in their models. Of note, 1 study with 3-month follow-up adjusted for POCD at 1 week after surgery 36 to counteract possible confounding by delirium during the period immediately following surgery.
No studies were found that related blood glucose levels in the nondiabetic range or a prior history of hypoglycemia with risk of POCD.
| Findings of included studies, meta-analysis, and subgroup analyses: diabetes status
Individual and pooled effect sizes of the 13 studies that assessed diabetes status and risk of POCD are shown in Figure 2 . When the results were pooled across studies in a fixed-effects meta-analysis, diabetes was associated with a 26% increased risk of POCD (RR, 1.26; 95% CI, 1.12-1.42; P <. 001), although statistical heterogeneity among the studies was indicated (χ 2 (12) = 31.94; P < .001; I 2 = 62%). Visual
Results of systematic search. HbA1c, hemoglobin A1c Formula for reliable change index (RCI) (often referred to as z-score): RCI = (change score of patient-change score of control group)/SD of change score of control group.
b N uncertain based on article.
c Based on total sample enrolled into study (data on analysis sample completing follow-up unreported).
All data refer to analysis sample that completed follow-up, unless otherwise indicated.
inspection of the funnel plot and Egger's regression analysis (P = .346)
suggested no evidence of publication bias (see Figure 3 ). Findings were similar when the analysis was repeated using a random-effects model (RR, 1.39; 95% CI, 1.09-1.78; P = .008).
Results of subgroup analyses that explored potential sources of heterogeneity and their contribution to the overall pooled effects in further fixed-effects models are summarized in Figure 4 ; details of studies included in each subgroup analysis and I 2 indices of heterogeneity are shown as online supplemental data. Pooled effects were larger in studies with follow-up period greater than 1 month (RR, 1.65; 95% CI, 1.35-2.01; I 2 =65%) compared with a statistically nonsignificant associations found for studies with less than or equal to 1-month follow-up (RR, 1.10; 95% CI, 0.95-1.27; I 2 =42%; metaregression, P = .009; see Figure S1 ) although statistical heterogeneity was substantial in this subgroup (I 2 = 65%). Sample size less than or equal to 100 was associated with a significantly larger pooled effect (RR, 1.72; 95% CI, 1.36-2.17; I 2 =31%) compared with studies of greater than 100 patients (RR, 1.14; 95% CI, 1.00-1.30; I 2 =57%; meta-regression, P = .012; see Figure S2 ). Pooled effects across studies with mean sample age greater than 65 years (RR, 1.74; 95% CI, 1.35-2.24; I 2 =26%) were larger compared with studies with mean sample age ≤ 65 years, which again were affected by a substantial degree of heterogeneity (RR, 1.20; 95% CI, 1.04-1.39; I 2 = 65%; meta-FIGURE 2 Forrest plot for fixed-effects meta-analysis of diabetes and risk of POCD. Disparity in decimal places of confidence intervals compared 21, 22, 31, 38 with original reporting (0.01 to 0.02) presumably due to rounding. POCD, postoperative cognitive dysfunction FIGURE 3 Funnel plot for meta-analysis of diabetes and risk of POCD. FIGURE 4 Diabetes and risk of POCD in subgroup analyses according to A, follow-up period, B, sample size, C, mean sample age, D, surgery type and E, sex, and F, across all studies. P values are shown for metaregression analyses to determine contribution of study characteristics to overall pooled estimates. All results are from fixed-effects models. *Data missing for N = 1 study. POCD, postoperative cognitive dysfunction regression, P = .032; see Figure S3 ). However, sensitivity analyses showed that the difference in pooled effects between studies with mean age greater than 65 versus less than or equal to 65 years appeared to be driven by a single study in the less than or equal to 65 years group 38 (see Table S1 ). Neither proportion of males nor surgery type were significant moderators of the association of diabetes with POCD risk (all metaregression, P > .05; subgroup I 2 range from 0% to 72%; see Figures S4 and S5).
| Findings of included studies: glycemic control in patients with diabetes
A single study assessed risk of POCD according to glycemic control in a sample consisting entirely of older patients with diabetes. 31 The study found that presurgery HbA1c predicted patients' risk of POCD:
Independent of diabetic retinopathy or insulin therapy, each percent unit increase in HbA1c at baseline was associated with a 2-fold increased risk of POCD defined as declines of greater than or equal to 1 SD on at least 2 of 6 cognitive tests between presurgery assessment and 6-month follow-up (RR, 2.0; 95% CI, 1.4-2.6). Mean HbA1c in the sample was within the diabetic range (mean, 6.9%) with a relatively modest standard deviation (SD, 1.6).
| DISCUSSION
The results of our systematic review and meta-analysis suggest that middle-aged to older adults with diabetes are overall at 26% increased risk of POCD compared with diabetes-free patients though overall moderate statistical heterogeneity as well as substantial heterogeneity in study designs and sample characteristics was indicated. The association of diabetes with POCD risk appeared to be driven mainly by studies with relatively longer follow-up periods.
We assume that publication bias likely accounts for the observation of a larger effect size in smaller samples. Among patients with diabetes, our findings suggest that the risk of POCD may increase with poorer glycemic control, as indexed by higher HbA1c concentrations. No study was identified on chronic hyperglycemia in the nondiabetic range or on a prior history of hypoglycemic episodes as predictors of POCD, and so further research in this direction is needed.
The evidence presented here extends the relatively wellestablished role of hyperglycemia in age-related cognitive impairment.
Diabetes is thought to increase the risk of dementia and mild cognitive impairment, as well as an accelerated cognitive decline in the dementia-free range. 11, 12 It has further been linked to an increased risk of postoperative delirium 40 -a condition that despite differences in etiology and disease course is strongly related to POCD. 41 Previous review articles on predictors of POCD have often followed a narrative rather than systematic approach and have not considered glycemia in any detail. 1, 42, 43 A single systematic review has investigated diabetes as a potential risk factor for POCD but concluded that diabetes was unrelated to POCD. 44 Reasons for disparity from our findings are difficult to evaluate, as no analysis details were provided in that article, but
we assume it is due to a discrepancy in inclusion criteria. In this analysis, we speculate that true effect sizes for the association of diabetes with POCD may have been underestimated: Diabetes status was presumably often ascertained through self-report so that (because the condition frequently remains undiagnosed) 45 patients with undiagnosed diabetes were included in the respective "no diabetes" groups.
With hyperglycemia as a continuum and arbitrary cutoff values for diabetes diagnosis, similar prediction of POCD risk by higher blood glucose levels in the nondiabetic range and by poorer glycemic control in diabetes would be plausible. Our finding of an increased risk in patients with diabetes who have higher HbA1c concentrations (albeit based on a single investigation) 31 indeed finds support in poorer glycemic control as a risk factor for age-related cognitive impairment in patients with diabetes. 14, 46 Associations of chronic hyperglycemia with POCD are likely to involve pathways similar to those that link it with age-related cognitive impairment in the general population (for review, see 1 study). 47 Glucose-induced formation of advanced glycation endproducts, which following a reaction with specific cell surface receptors results in neurodegeneration and atherogenesis, 48 for instance, predicts cognitive decline in older age. 49 It may be the case that the insult of surgery increases the vulnerability of patients with diabetes to such underlying neuropathological changes, resulting in a higher impact of surgery on cognitive function in patients with diabetes compared with nondiabetic patients.
Confounding by sociodemographic and clinical risk factors is also possible, however, and in fact casts doubt on the role of causality in the association of diabetes with age-related cognitive impairment.
For instance, some evidence suggests that a lower premorbid ability in young adulthood predisposes people both to diabetes and to cognitive impairment in older age. 50 adjustment for POCD at 1 week in 1 study 36 as well as overall pooled effects were driven by studies with follow-up greater than 1 month speaks against a major influence of this factor. The metaregression analyses presented here are to be interpreted with caution in view of the fact that 5 potential sources of heterogeneity were investigated across a small number of included studies. With between-study differences in the operationalization of POCD, we are also unable to meaningfully translate the pooled risk estimate to recommendations for clinical practice.
Finally, we cannot rule out that investigations were missed because of exploratory designs of studies and/or failure to report on any predictors that were not associated with POCD, due to restriction of our search to only 2 of the main databases of medical research, or because of our focus on English-language articles.
However, in support of our findings, 3 excluded Chinese-language articles reported associations of diabetes with POCD at 7 days after surgery in their abstracts, and all 3 found a statistically significantly increased risk in patients with diabetes (RR, 1.62 to 4.22; where reported). [52] [53] [54] We are thus relatively confident that our language restriction did not skew findings toward statistical significance.
Further epidemiological studies that consider potential confounders including intraoperative glycemic control in their analyses are needed to evaluate the present preliminary findings. With evidence for an increased risk of POCD in insulin-treated patients, 31, 34 attempts should also be made to tease out the role of endogenous insulin levels and/or insulin therapy in the relationship of diabetes and POCD risk, while considering potential effects of hypoglycemia. A prior history of hypoglycemic episodes in patients with diabetes has previously been associated with an increased risk of age-related cognitive impairment, [15] [16] [17] and so its potential contribution to POCD risk as well as to associations of diabetes with POCD risk should be clarified. A lower cognitive capacity has been implicated as a risk factor for hypoglycemia. 15, 55 Thus, risk of exposure to subsequent hypoglycemia in patients who experience POCD, too, could be explored.
In this systematic review and meta-analysis, we found that people with diabetes appear to be at increased risk of developing cognitive dysfunction following surgery. Among these patients, the risk of cognitive dysfunction may further increase with higher HbA1c.
Although additional research is needed in this field, our findings suggest that routine testing for diabetes and assessment of HbA1c levels among patients with diabetes prior to surgery may be indicated for risk assessment of POCD.
